The measurement and analysis of inherent optical properties (IOPs) of the main water constituents are necessary for remote-sensing-based water quality estimation and other ecological studies of lakes. This study aimed to measure and analyze the absorption and backscattering coefficients of the main water constituents and, further, to analyze their relations to the water constituent concentrations in Poyang Lake, China. The concentrations and the absorption and backscattering coefficients of the main water constituents at 47 sampling sites were measured and analyzed as follows. (1) The concentrations of chlorophyll a (C CHL ), dissolved organic carbon (C DOC ), suspended particulate matter (C SPM ), including suspended particulate inorganic matter (C SPIM ) and suspended particulate organic matter (C SPOM ), and the absorption coefficients of total particulate (a p ), phytoplankton (a ph ), nonpigment particulate (a d ), and colored/chromophoric dissolved organic matter (a g ) were measured in the laboratory. (2) The total backscattering coefficients, including the contribution of pure water at six wavelengths of 420, 442, 470, 510, 590, and 700 nm, were measured in the field with a HydroScat-6 backscattering sensor. (3) The backscattering coefficients without the contribution of pure water (b b ) were then derived by subtracting the backscattering coefficients of pure water from the total backscattering coefficients. (4) The C CHL , C SPM , C SPIM , C SPOM , and C DOC of the 41 remaining water samples were statistically described and their correlations were analyzed. (5) The a ph , a d , a p , a g , and b b were visualized and analyzed, and their relations to C CHL , C SPM , C SPIM , C SPOM , or C DOC were studied. Results showed the following. (1) Poyang Lake was a suspended particulate inorganic matter dominant lake with low phytoplankton concentration. (2) One salient a ph absorption peak was found at 678 nm, and it explained 72% of the variation of C CHL . (3) The a d and a p exponentially decreased with increasing wavelength, and they explained 74% of the variation of C SPIM and 71% variation of C SPM , respectively, at a wavelength of 440 nm. (4) The a g also exponentially decreased with increasing wavelength, and it had no significant correlation to C DOC at a significance level of 0.05. (5) The b b decreased with increasing wavelength, and it had strong and positive correlations to C SPM , C SPIM and C SPOM , a strong and negative correlation to C CHL , and no correlation to C DOC at a significance level of 0.05. Such results will be helpful for the understanding of the IOPs of Poyang Lake. They, however, only represented the IOPs during the sampling time period, and more measurements and analyses in different seasons need to be carried out in the future to ensure a comprehensive understanding of the IOPs of Poyang Lake.
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Introduction
Inherent optical properties (IOPs) are the optical properties of water that are dependent on water and its constituents but independent of the ambient light field [1] . The most fundamental parameters of IOPs are the absorption and backscattering coefficients of the main water constituents [2] . IOPs influence the underwater light climate, which is an important factor controlling aquatic ecosystems [2] [3] [4] [5] [6] . The measurement of IOPs is also the foundation of parameterizing bio-optical models for monitoring water quality [1, 7, 8] . Thus, quantifying IOPs is necessary for studying the underwater light climate and for estimating water quality parameters in ecological studies. Studies of IOPs have been carried out for many years. Open ocean waters (Case 1 waters), such as the Arabian Sea [9] , Arctic Ocean [10] , and Southern Ionian Sea [11] , used to be the main focus [1] , and, generally, their IOPs are well measured, analyzed, and understood for their simple optical properties. Recently, much attention has been paid to analyzing the IOPs of Case 2 waters in coastal oceans [12, 13] , lakes [1, 5, [14] [15] [16] , estuaries [17] , and reservoirs [18] , because of their direct impacts on human activities [19] .
The IOPs of Case 2 waters are dominated by three constituents: (a) phytoplankton, the biomass of which is generally estimated with chlorophyll a (CHL) concentration as a proxy, (b) suspended particulate matter (SPM), including suspended particulate inorganic matter (SPIM) and suspended particulate organic matter (SPOM), and (c) "yellow substance," also known as colored/chromophoric dissolved organic matter (CDOM), which is the major component of dissolved organic carbon (DOC) [8, 20] . To quantify and understand the aggregate IOPs of Case 2 waters is a challenge because they are generally more optically complex than Case 1 waters, of which the IOPs are dominated by phytoplankton and its by-products [21] .
Generally, the absorption coefficients of phytoplankton, SPM, and CDOM are measured in the laboratory using spectrophotometers [17, 22, 23] . Recently, field spectrophotometers, such as the AC-9 and AC-S (WET Labs Inc.), have been widely used for in situ measurements [10, 17, 18, 22, 24, 25] . The accurate measurement of absorption coefficients in the field, however, is almost impossible because of the difficulty of designing sensors that fully collect all the scattered photons [3] . The backscattering coefficient of water is measured using a spectral backscattering sensor, such as the HydroScat-6 (HOBI Labs) and ECO-BB9 (WET Labs Inc.) [4, 18, 26, 27] , and it can also be estimated from the attenuation and absorption coefficients measured with spectrophotometers [3] .
There are numerous lakes widely distributed in China, and their total area is around 81;000 km 2 [28] . Currently, many of these lakes are facing a number of problems, such as a decrease in lake area and water quality decline caused by natural or anthropogenic factors, which might hamper the sustainable development of lake functions [25] . Absorption and backscattering coefficients have been measured and analyzed in several Chinese lakes, such as Taihu Lake [29] [30] [31] [32] [33] and Chaohu Lake [34] ; however, the IOPs of most Chinese lakes are still unknown.
Poyang Lake is the largest freshwater lake in China, and it provides multiple functions to society, through production, recreation, and biodiversity conservation. The provision of these functions is greatly influenced by water quality. However, the IOPs of Poyang Lake have rarely been measured and analyzed (we do know that Jiangxi Normal University carried out IOP studies on Poyang Lake, but no published work was found from our literature review). This study aims to estimate the absorption and backscattering coefficients of the water body, and, further, to analyze their relations to the main water constituents in Poyang Lake. This will provide help for remote-sensing-based monitoring of water quality and other ecological studies of Poyang Lake.
Materials and Methods

A. Study Area
Poyang Lake (115°47 0 -116°45 0 E, 28°22 0 -29°45 0 N) is located south of the middle reaches of the Yangtze River (Fig. 1) . It receives water from five rivers (Raohe, Xinjiang, Fuhe, Ganjiang, and Xiushui) and drains into the Yangtze through a channel in the north. Its size fluctuates from less than 1000 km 2 in the dry season to around 4000 km 2 in the flood season [35] [36] [37] . Poyang Lake is an important international wetland with a rich biodiversity of 102 species of aquatic plants and 122 species of fish. It is also one of the largest bird conservation areas in the world, hosting millions of birds from over 300 species [38] . Poyang Lake has a significant role in local economic and social development, as well as global ecological conservation [39] .
With the increasing human population and the growth of intensive economic activities within the Poyang basin in recent decades, the nutrient levels of Poyang Lake (e.g., total nitrogen and total phosphorus concentrations) have shown a clear increasing trend. This is due to agricultural chemical inputs and industrial and waste discharges, which have resulted in severe eutrophication in some regions [40, 41] . The intensive sand dredging activities, which started around 2001 in northern Poyang Lake [42] , cause sediment to be resuspended and increase the sediment concentration [43] . Such water quality degradation greatly and negatively impacts the Poyang Lake ecosystem.
B. Data Collection
Fieldwork
Fieldwork was carried out on 16-18 October 2010 (only along the main river channel due to low water levels), and the locations, water samples, and water backscattering coefficients at 47 sampling sites ( Fig. 1) were recorded, collected, and measured. At each sampling site, the geographical coordinates were recorded using a Garmin global positioning system (Garmin Ltd.), and about 1500 ml of surface water was collected at around 30-50 cm water depth and kept in a refrigerator for further measuring of the concentrations and absorption coefficients of the water constituents. The backscattering coefficient was measured with a HydroScat-6 backscattering sensor at around 30-50 cm water depth.
Constituent Concentration
A spectrophotometric determination method was used to measure chlorophyll a concentration (C CHL ): (a) the water sample was filtered using a Whatman GF/F glass fiber filter with 0:45 μm pore size and acetone was used to extract chlorophyll a from the filtered sample, (b) the sample was read before and after its acidification using a UV2401 spectrophotofluorometer (Shimadzu Corp.), and (c) C CHL was calculated by comparing the readings with a known standard [44] . The SPM concentration (C SPM ) was measured gravimetrically as follows: (a) the water sample was filtered using a preweighted Whatman GF/F glass fiber filter with a 0:45 μm pore size, (b) the filter was dried for 2 h at 110°C and reweighed after cooling to room temperature, (c) C SPM was calculated through dividing the difference in filter weight after and before filtering by water sample volume, and (d) SPOM was removed from SPM by burning the filtered particulate at 550°C for 3 h, and then the weights and concentrations of SPIM (C SPIM ) and SPOM (C SPOM ) were calculated [8] . A Model 1020 Total Organic Carbon Analyzer (O.I.
Corp.) was used to measure DOC concentration (C DOC ) after the water sample was filtered using a Whatman GF/F glass fiber filter with a 0:45 μm pore size [8] .
Absorption Coefficient
Ma et al. [8] described in detail the measurement and calculation of the absorption coefficients of total particulate (a p ), phytoplankton (a ph ), nonpigment particulate (a d ), and CDOM (a g ), while Laanen [45] discussed the impact of filtering pore size on absorption coefficients and concluded that the filtering pore size significantly contributed to the absorption measurements. These methods and results were considered when measuring the absorption coefficients in this study as follows: (a) the water sample was filtered using a Whatman GF/F glass fiber filter with a 0:7 μm nominal pore size; (b) the optical density of total particulate on the filter was measured using a UV-2401 spectrophotometer with 1 nm interval; (c) the optical density was normalized to zero at 750 nm, corrected for the increase in path length caused by multiple scattering in the glass fiber filter, and a p was calculated using the equations of Cleveland and Weideman [46] ; (d) after the optical density of total particulate was measured, the pigment was removed from the filtered paper by extracting with ethanol; (e) the optical density was measured again using the same spectrophotometer, and a d was calculated with the same equations as mentioned in (c); (f) a ph was derived by subtracting a d from a p ; (g) the optical density of water filtered with a 0:22 μm polycarbonate filter was measured using the same spectrophotometer with distilled water as a reference, and a g was calculated using the equation of Bricaud et al. [47] from the measured optical density and corrected with the equation of Keith et al. [48] 4. Backscattering Coefficient A HydroScat-6 backscattering sensor was used to measure total backscattering coefficients, including the contribution of pure water at six wavelengths of 420, 442, 470, 510, 590, and 700 nm, under the guidance of the manual from HOBI Labs [49] as follows: (a) the sensor was calibrated before the field campaign, (b) at each sampling site, the sensor was immersed at around 30-50 cm water depth for at least 3 min, (c) the measured backscattering coefficients were examined to leave out exceptional data and the mean of the remaining measurements was calculated, (d) sigma correction was made to improve the accuracy of the backscattering measurements, in which the equipment default value of 0.015 was used as backscattering probability since there was no available information about backscattering probability in Poyang Lake, and (e) the backscattering coefficients, not including the contribution of pure water (b b ), were derived by subtracting the backscattering coefficients of pure water from the total backscatter-ing coefficients. The detailed process and methods can be found in the literature of Ma et al. [8, 31] .
C. Data Analysis
The water samples with wrong measurements of absorption coefficient, backscattering coefficient, or constituent concentration were removed, and the absorption and backscattering coefficients of the remaining samples, as well as their relations to the main water constituents, were analyzed using STATISTICA (www.statsoft.com) and MATLAB software (http://www.mathworks.com).
Constituent Concentration
The C CHL , C SPM , C SPIM , C SPOM , and C DOC of the remaining water samples were statistically described and their correlations were analyzed to explore the characteristics and relations of the important water constituents.
Absorption Coefficient
With 440 nm as a reference wavelength, the a ph , a d , and a g were statistically described, and their contributions to total absorption (the sum of a ph , a d , and a g ) were analyzed.
The a ph spectra were visualized and the typical diagnostic characteristics of phytoplankton were analyzed first. The correlation analysis between a ph and C CHL was then carried out. Finally, the regressions of a ph against C CHL at the two absorption peaks within wavelengths of 430-450 and 650-700 nm were created.
The a d was visually analyzed, and the a d spectra were simulated over the spectral range of 400-700 nm by using Eq. (1) with 440 nm as the reference wavelength [30] :
where λ is the wavelength, a d ðλÞ means the a d at λ, a d ð440Þ is the a d at 440 nm, and S d is a parameter describing the shape of the regression curve between a d and the wavelength. The correlation between a d and C SPIM was analyzed, and the regressions of a d against C SPIM and C CHL at the reference wavelength of 440 nm were developed, respectively. First, the a p was visualized and analyzed, and then the correlation analysis between a p and C SPM was implemented. Finally, the regressions of a p against C SPM at the reference band of 440 nm and against C CHL at the absorption peak within the wavelength of 650-700 nm were created, respectively.
The a g was visually analyzed first, and then the a g spectra were simulated over the spectral range of 400-700 nm by using Eq. (2) with 440 nm as the reference wavelength [30] :
where λ is the wavelength, a g ðλÞ means the a g at λ, a g ð440Þ is the a g at 440 nm, and S g is a parameter describing the shape of the regression curve between a g and the wavelength. The correlation analysis of a g against C DOC was carried out, and the regression of a g against C DOC was not developed because of the weak correlation between them. The correlations of a g against C SPM , C SPIM , C SPOM , and C CHL were also analyzed.
Backscattering Coefficient
First the b b was visualized and analyzed, and the correlation analyses between b b and the main water constituents were then implemented at six wavelengths of 420, 442, 470, 510, 590, and 700 nm. Finally, the regressions of b b against C SPM , C SPIM , C SPOM , and C CHL were created at the band with significantly highest correlation.
Results and Discussion
Six water samples were removed due to their wrong measurements of C CHL (one sample with a negative value) or a g (one sample with a negative value and four samples with wrong a g curves), and, thus, only 41 samples remained for the following analyses.
A. Constituent Concentration
The statistical results of C CHL , C SPM , C SPIM , C SPOM , and C DOC of all 41 water samples are shown in Table 1 . The low average value (C CHL ¼ 8:85 μg=L) with high variation (coefficient of variation ¼ 72:43%) of C CHL revealed that the lake was close to eutrophic status as a whole, while showing eutrophication (C CHL > 10 μg=L) in some regions. The SPM held a high average concentration value (C SPM ¼ 55:72 mg=L) with high variation (coefficient of variation ¼ 55:76%), in which SPIM (average C SPIM ¼ 48:02 mg=L) occupied the dominant position when compared to SPOM (average C SPOM ¼ 7:70 mg=l). Two sampling points with C SPM of more than 100 mg=l were observed in Fig. 2(a) , and they were close to sand dredging regions in which dredging actives cause the sediment to be resuspended and greatly increase the C SPM . The DOC showed low concentration values (average C DOC ¼ 3:02 mg=l) with low variation (coefficient of variation ¼ 18:54%). The C CHL and C DOC were lower and C SPM and C SPIM were equivalent to or higher than that of Taihu Lake, China [27, 30, 50] . The correlation analyses among the main water constituent concentrations indicated a weak and negative correlation between C SPM and C CHL [r ¼ −0:44, Fig. 2 Poyang Lake were dominated by nonpigment particulate during the time period of sampling.
C. a ph
Forty-one a ph spectra at wavelengths of 400-700 nm are shown in Fig. 3(a) . One salient absorption peak was found in the red range of 650-700 nm [Figs. 3(a) and 3(b)], which is consistent with the typical diagnostic characteristic of phytoplankton; while another absorption peak of phytoplankton in the blue range of 430-450 nm was not observed or was very inconspicuous [ Figs. 3(a) and 3(b) ], which might be explained by the low phytoplankton concentration [22, 30] . Such a spectrum pattern is similar to that found in the Tamar estuary of the UK [17] , but is quite different than that in Taihu Lake and Chaohu Lake of China [22, 30] , which generally show two obvious absorption peaks at the ranges of 430-450 and 650-700 nm.
The correlation analysis between a ph and C CHL [ Fig. 3(c) ] showed that the correlation coefficient (r) achieved the highest value at 439 nm (r ¼ 0:128, P ¼ 0:4238) and 678 nm (r ¼ 0:847, P < 0:001) within the ranges of 430-450 and 650-700 nm, respectively. Such results are consistent with the phytoplankton absorption peaks close to 440 and 676 nm reported in many studies. The insignificant relation between a ph and C CHL at 439 nm [ Fig. 3(d) ] at a significance level of 0.05 might be because the a ph is affected not only by chlorophyll a but also by other accessory pigments, such as carotenoid. The dominant contribution of chlorophyll a to a ph at a wavelength of 678 nm results in the significantly linear relation between them at a significance level of 0.001 [ Fig. 3(e) ] [22, 30, 50, 51] , and the weak absorption of other accessory pigments, such as allophycocyanin, might explain why a ph was not equal to zero when C CHL came to zero [ Fig. 3(e) ].
D. a d
All 41 a d spectra showed a similar pattern, and they exponentially decreased along with the increasing wavelength at 400-700 nm [ Fig. 4(a) ]. This pattern is similar to that found in some water bodies, such as around the San Juan Islands of the USA [52] , the Pearl River estuary [53] , and Taihu Lake [30] . The S d of the negative exponential function between a d and the wavelength ranged from 0.0114 to 0:0175 nm −1 with a mean of 0:0142 AE 0:0015 nm −1 , which is higher than that of the San Juan Islands [52] , Chaohu Lake, and Taihu Lake [30, 54] .
Strong and positive correlations existed between a d and C SPIM (r ¼ 0:79 AE 0:02) at wavelengths of 400-700 nm, especially at 400-500 nm (r > 0:8) [Fig. 4(b) ]. The analyses further showed that the a d at a wavelength of 440 nm (a d ð440Þ) ranged from 1.241 to 10:440 nm −1 with a mean of 4:554 AE 2:483 nm −1 , and it increased with increasing C SPIM following a power function [Fig. 4(c) ] but exponentially decreased with increasing C CHL [ Fig. 4(d) ].
E. a p Figure 5 (a) displays the a p at wavelengths of 400-700 nm, which includes the combined contributions of phytoplankton and nonpigment particulate. The a p exponentially decreased with the increasing wavelength, and its pattern is similar to that of nonpigment particulate [ Fig. 4(a) ]. The two a ph peaks within the ranges of 430-450 and 650-700 nm observed in Fig. 3(a) were not found in Fig. 5(a) , and they were totally masked by a d for the high concentration of nonpigment particulate. This pattern is quite different from that found in Taihu, Chaohu, and Xuanwuhu lakes of China [22] , which generally show two obvious absorption peaks.
Because of the combined contributions of phytoplankton and nonpigment particulate, the correlation between a p and C SPM was strong at the wavelengths around 400-600 nm (r> ¼ 0:8), declined from about 600 nm while reaching the lowest value Fig. 5(b) ]. Further analyses showed that the a p also increased with increasing C SPM following a power function at 440 nm [ Fig. 5(c) ] that is similar to that found in Fig. 4(c) , while the C CHL only explained around 31.5% variation of a p at a wavelength of 678 nm [ Fig. 5(d) ], which is quite different when compared to the 71.7% variation of a ph [ Fig. 3(e) ]. Such similarity and difference are mainly because of the dominant role of nonpigment particulate within the total particulate.
F. a g
The a g exponentially decreased with increasing wavelength at 400-700 nm [ Fig. 6(a) ], which is similar to a d [ Fig. 4(a)] and a p [Fig. 5(a) ]. This pattern is also similar to that found around the San Juan Islands [52] and Taihu Lake [30] . The S g of the negative exponential function between a g and wavelength ranged from 0.0096 to 0:0188 nm −1 with a mean of 0:0136 AE 0:0022 nm −1 , which is equivalent to or lower than that found around the San Juan Islands [52] , Taihu Lake [30] , and some other water bodies in the world [30] . Such results indicated that S g varied considering different water bodies, different seasons, or different parts of the same water body, and the different sources or constitutes of CDOM might result in this variation.
The correlation analyses between a g and C DOC [ Fig. 6(b) ] showed that the correlation coefficient achieved the lowest value at 439 nm (r ¼ 0:023, P ¼ 0:8886) and reached the highest value at 676 nm (r ¼ 0:3, P ¼ 0:0559). Such results indicated that there was no significant correlation between a g and C DOC at wavelengths of 400-700 nm at a significance level of 0.05 for these 41 water samples, which could be explained by the low C DOC and its variation. The results further showed there was no significant correlation between a g and C SPM , C SPIM , C SPOM , or C CHL at a significance level of 0.05, which might also be because of the low C DOC and its variation.
G. b b
The backscattering coefficients of 41 water samples at six wavelengths of 420, 442, 470, 510, 590, and 700 nm are shown in Fig. 7(a) . The b b decreased with increasing wavelength at the wavelengths of 442-700 nm, and such a pattern is similar to that found in many lakes, such as Taihu Lake [30, 54] and the Tamar estuary [17] , while the b b at 420 nm for some samples was lower than that at 470 nm, and such a pattern is also similar to the result of October 2008 in Taihu Lake [54] . The HydroScat-6 backscattering sensor was originally designed for measuring the backscattering coefficients of the Case 1 waters, and the corresponding correction method was also developed for Case 1 waters, in which the SPIM concentration is very low. When we applied this instrument in our study area, we found that the measurement values were not very steady, especially in the turbid waters, which possibly was caused by the multiscattering of SPIM. Therefore, we consider that the measurement uncertainties of the HydroScat-6 backscattering sensor and its subsequent correction method in turbid Case 2 waters might explain the result found in this study.
The results of the correlation analyses between b b and the main water constituents are shown in Table 3 . There existed strong and positive correla- tions between b b and C SPM , C SPIM , and C SPOM at the six bands at a significance level of 0.05 due to the strong backscattering of nonpigment particulate, which is also similar to that found in Taihu Lake [30, 54] . No correlation was found between b b and C DOC at a significance level of 0.05 for the weak backscattering of DOC. There were strong but negative correlations between b b and C CHL at the six bands at a significance level of 0.05, which is also similar to some of the results from Taihu Lake [54] . Phytoplankton, especially algae, contributes little to backscattering, and, thus, the weak and negative correlation between C SPM and C CHL [ Fig. 2(a) 
Conclusion
This study of Poyang Lake reported the absorption and backscattering coefficients of the water body, and, further, analyzed their relations to the main water constituents. The principal results obtained for the particular sampling time period can be summarized as follows.
1. Poyang Lake is an SPIM-dominant lake with low phytoplankton concentration.
2. One obvious a ph absorption peak was found at 678 nm, and it explained 72% of the variation of C CHL .
3. The a d and a p exponentially decreased with increasing wavelength, and they explained 74% of the variation of C SPIM and 71% of the variation of C SPM at a wavelength of 440 nm.
4. The a g also exponentially decreased with increasing wavelength, and it had no significant correlation to C DOC at a significance level of 0.05.
5. The b b decreased with increasing wavelength, and it had strong and positive correlations to C SPM , C SPIM , and C SPOM ; a strong and negative correlation to C CHL ; and no correlation to C DOC at a significance level of 0.05.
However, such results can only represent the IOPs during the sampling time period, and more measurements and analyses in different seasons need to be carried out in the future to comprehensively understand the IOP dynamics of Poyang Lake.
